Passerines that overwinter in temperate climates undergo seasonal acclimatization that is characterized by metabolic adjustments that may include increased basal metabolic rate (BMR) and cold-induced summit metabolism (M sum ) in winter relative to summer. Metabolic changes must be supported by equivalent changes in oxygen transport. While much is known about the morphology of the avian respiratory system, little is known about respiratory function under extreme cold stress. We examined seasonal variation in BMR, M sum , and ventilation in seasonally acclimatized house sparrows from Wisconsin. BMR and M sum increased significantly in winter compared with summer. In winter, BMR increased 64%, and M sum increased 29% over summer values. The 64% increase in winter BMR is the highest recorded for birds. Metabolic expansibility (M sum / BMR) was 9.0 in summer and 6.9 in winter birds. The metabolic expansibility of 9.0 in summer is the highest yet recorded for birds. Ventilatory accommodation under helox cold stress was due to changes in breathing frequency (f ), tidal volume, and oxygen extraction efficiency in both seasons. However, the only significant difference between summer and winter ventilation measures in helox cold stress was f. Mean f in helox cold stress for winter birds was 1.23 times summer values.
Introduction
Small, nonmigratory passerines that occupy cold temperate regions require prolonged high rates of energy expenditure for thermoregulation in winter. In winter, birds have decreased foraging times because of shorter days and may have lower food availability because of increased snow or ice cover. In addition, winter birds must fast longer during the rest phase compared with summer. The high thermoregulatory costs in small birds are exacerbated by their large surface area to volume ratios (Kleiber 1961) . In addition, small birds are limited in plumage insulation since an increase in mass will reduce flight performance and may increase predation risks (Witter and Cuthill 1993; Metcalfe and Ure 1995) . Small passerine birds acclimatize to winter conditions primarily through metabolic adjustments (reviews: Dawson and Marsh 1989; Dawson 1989a, 1989b; Dawson and O'Connor 1996) . These metabolic adjustments facilitate greater cold tolerance (Barnett 1970; Pohl and West 1973) and higher thermogenic endurance (Dawson et al. 1983; Swanson 1990; O'Connor 1995) in winter birds compared with summer. In addition, many winter birds that have enhanced cold tolerance under cold stress also show significant increases in summit metabolism (M sum ; Dawson and Smith 1986; Swanson 1990; Cooper and Swanson 1994; Liknes and Swanson 1996; Cooper 2002) . Increased M sum is correlated with increased cold tolerance for several avian species. (Swanson 2001) .
While the metabolic adjustments that passerines use to support thermogenesis under cold conditions have received a fair amount of attention Dawson 1989a, 1989b; Swanson 1990) , relatively little is known about ventilatory adjustments to cold stress. Metabolic adjustments to cold stress require accommodations in oxygen (O 2 ) transport. The first step in the O 2 transport pathway is pulmonary ventilation. While much is known about the morphology of the avian respiratory system (Piiper and Scheid 1975; Smith et al. 1986 ), very little is known about potential seasonal changes in respiratory function in passerine birds. Changes in breathing frequency (f ), breath volume or tidal volume (V T ), and the percentage of oxygen absorbed or oxygen extraction efficiency (Eo 2 ) can vary to accommodate changes in metabolism or oxygen consumption ( ). Ventilatory accommodation to changing oxygeṅ Vo 2 demands may be met through adjustments in one, all, or any combination of these variables (Chappell and Dawson 1994) .
The majority of birds studied to date show significant increases in minute volume ( ) in response to increasinġ
at temperatures below thermoneutrality. Birds seem to relẏ Vo 2 heavily on changing V T more than f to increase (Morgan eṫ V I al. 1992) . Among birds in which the relation of Eo 2 to metabolic rate below thermoneutrality has been studied, parrots (Bucher 1981 (Bucher , 1985 Bucher and Morgan 1989) , chukars (Chappell and Bucher 1987) , prairie falcons (Kaiser and Bucher 1985) , storm petrels, kelp gulls, skuas (Morgan et al. 1992) , and tawny frog-mouths (Bech and Nicol 1999) respond with increasing whilė V I Eo 2 is not significantly altered. Some birds, such as European coots , pekin ducks , kittiwakes (Brent et al. 1983) , and giant petrels (Morgan et al. 1992 ), instead show constant or decreasing and substantial V I increases in Eo 2 . Two small passerine birds studied by Clemens (1988) , rosy finches and house finches, showed significant changes in that involved increases in both f and V T withouṫ V I changes in Eo 2 . In fact, house finches at low and high altitude and rosy finches at high altitude have decreasing Eo 2 with declining ambient temperature (T a ). However, the only passerine bird studied under severe (helox) cold stress, the black-capped chickadee, increased Eo 2 to support metabolism (Cooper and Same 2000) . Johansen and Bech (1983) have suggested that an increase in Eo 2 in response to cold may be an adaptation to reduce respiratory heat loss by reducing . However, the num-V I ber of passerine birds studied so far is insufficient to establish any possible patterns of ventilatory accommodation to increased oxygen demands.
In this study, we examined the seasonal metabolic and ventilatory acclimatization to cold stress in house sparrows (Passer domesticus). House sparrows are small, mostly nonmigratory passerine birds successfully introduced into North America in the 1850s. They are widely distributed in North America, ranging from Canada (including northern Manitoba) to southern Central America (Lowther and Cink 1992) . The objective of this study was to examine the effects of cold stress on metabolism and ventilation in seasonally acclimatized house sparrows from Wisconsin. Specifically, we measured M sum , BMR, and ventilation parameters (f, V T , , and Eo 2 ) in house sparrowṡ V I under thermoneutral and cold stress conditions.
Material and Methods

Birds
House sparrows (Passer domesticus) were captured by mist net before 1000 hours (CST) in Oshkosh, Winnebago County, Wisconsin, in summer and winter in 2002 and 2003. Birds were trapped under state (SCP.NER.131) and federal (MB003340-1) collecting permits. Upon capture, body mass was determined to the nearest 0.1 g using an Ohaus Scout II portable electronic balance. Fat was scored visually using a 0-5 scale (Helms and Drury 1960) , and wing chord length, tarsus length, and tail length were recorded. Age was determined by skull ossifications and breeding characteristics (Pyle et al. 1997) . Adult birds were then transported to the laboratory and housed in separate cages at room temperature (20Њ-25ЊC). Caged birds were allowed free access to food (millet and chick starter mash) and water for at least 2 h before metabolic tests. All BMR and M sum tests were performed on the day of capture in order to avoid captivity effects on metabolic rate (Warkentin and West 1990) . After metabolic tests, birds were banded with a U.S. Fish and Wildlife Service leg band and released at site of capture. Birds were banded with federal banding permit 22934. Sparrows tested from May 28 to August 6 were designated summer birds, and birds tested from January 13 to March 3 were designated winter birds. The Institutional Animal Care and Use Committees protocol number was 26-000126-10-02-01.
Helox Cold Stress
A helox gas mixture of ∼79% helium and ∼21% oxygen was used to elicit maximum cold-induced thermogenesis or M sum . The higher thermal conductivity of helox compared with air facilitates heat loss that allows M sum to be measured at relatively moderate temperatures (Rosenmann and Morrison 1974) . Despite the physical differences between helium and nitrogen, helox gas has not been shown to have an effect on respiratory variables in quietly resting animals (Brice and Welch 1983) . In addition, the effect of helox gas on sugar gliders has been shown to be limited to an increase in heat loss below the lower critical temperature (Holloway and Geiser 2001) . We measured iṅ Vo 2 helox at 30ЊC in order to determine whether helox has a significant effect on respiratory variables. Sparrows in helox at 30ЊC were not within the thermoneutral zone; however, at a given , ventilation was in close agreement in air and heloẋ Vo 2 (appendix). Thus, we believe helox gas itself is not a factor that affects respiratory variables.
A sliding cold exposure technique was used to elicit M sum in individual sparrows . Sliding temperatures of 8ЊC, 5ЊC, and 2ЊC were used in summer and Ϫ9ЊC, Ϫ12ЊC, and Ϫ15ЊC in winter. Variable sliding temperature schemes were needed to trigger all birds to become hypothermic (indicated by a steady decline in over 3 min) at each seasoṅ Vo 2 and at relatively similar times in the test periods. Cold stress tests were performed between 1100 hours and 1600 hours (CST). Birds were placed in 1-L glass metabolic chambers (equipped with a perch over a layer of mineral oil) located inside a Hotpack incubator (model 352602), in which temperature could be controlled within ‫1.0ע‬ЊC. Chamber temperature was continually monitored and recorded (‫1.0ע‬ЊC) by a Sable Systems TC1000 thermocouple meter. Birds were weighed immediately before and after each test. We allowed 15 min of equilibration in helox at the initial temperature in the metabolic chamber, and then birds were exposed to each sliding temperature for 15 min. Individual trials lasted a total of 60 min or until a bird became hypothermic, in which case the bird was removed from the metabolic chamber and rewarmed. Upon removal from the metabolic chamber, body temperature (T b ) was recorded (‫1.0ע‬ЊC) with a Cole-Parmer thermocouple thermometer and 30-gauge copper-constantan thermocouple. T b was taken within 30 s, and the thermocouple was inserted into the cloaca at a depth where further insertion did not alter the reading. All birds became hypothermic during the middle or lower sliding temperatures in summer and winter. A cloacal temperature of !37ЊC was considered hypothermic.
Summit Metabolic Rate
Once a bird was placed in the metabolic chamber, (mL O 2 Vo 2 min Ϫ1 ) was measured during helox cold stress using opencircuit respirometry. Gas flow rates of dry, CO 2 -free helox between 1,138 and 1,148 mL were maintained up-
Ϫ1
min ‫ע‬ 1% stream of the metabolic chamber by a Cole-Parmer precision rotameter calibrated with helox to ‫%1ע‬ accuracy by a soap bubble meter. These rates provided changes in oxygen content between influx and efflux gas of ∼0.4%-0.8% and maintained oxygen content of efflux gas above 20.1%. Fractional concentration of oxygen in dry, CO 2 -free efflux gas was determined from a 100 mL min
Ϫl subsample using a Sable Systems FC-1B oxygen analyzer (Las Vegas, NV). Measurements of dry, CO 2 -free efflux gas were recorded every 1 s on a computer using Datacan 5.0 software and a UI2 converter. The first 15 min of each record were omitted in order for efflux oxygen concentrations to stabilize. Oxygen consumption values were calculated as instantaneous rates (Bartholomew et al. 1981) . M sum data were attained by averaging instantaneous measureVo 2 ments over consecutive 10-min periods (Dawson and Smith 1986; Swanson 1990) . M sum at a given test temperature was considered to be the highest 10-min mean . data col-Vo Vo 2 2 lected with Datacan 5.0 was imported into and analyzed by Warthog Systems LabAnalyst (Riverside, CA).
Basal Metabolic Rate
Measurements of BMR were similar to procedures for M sum measurements. However, air was used instead of helox, and two birds were tested at a time. A Sable Systems multiplexer (model TR-RM4) allowed switching between two metabolic chambers in which each chamber was recorded at 15-min intervals. Before BMR tests, birds were fasted for at least 4 h to assure postabsorptive conditions. Upon placement in the metabolic chamber, birds were allowed 1 full hour of equilibration in the chamber before 30 min of measurements were used. Before all metabolic measurements, the chambers were checked for leaks by momentarily monitoring efflux gas flow rates with a flow rotameter. Leaks would have been evident as a marked decrease in flow rate compared with the upstream mass flow meter. No leaks were detected in our chambers. Flow rates of dry, CO 2 -free air of 488-520 mL were maintained Ϫ1 min ‫ע‬ 1% upstream of the metabolic chambers for all tests using an Omega mass flow controller (model FMA-A2048). The oxygen analyzer was referenced against incurrent gas before and after each measurement period. Chamber temperatures were maintained at for BMR measurements, which is within 30Њ ‫ע‬ 0.1ЊC the thermoneutral zone for house sparrows (Hudson and Kimzey 1966) . BMR tests were completed from 2200 hours to 0300 hours (CST) in summer and from 2000 hours to 2400 hours (CST) in winter. BMR data are reported as 10-min averages from the last 30 min of a trial. Oxygen consumption was calculated as steady state and corrected for stp (Hill 1972 , Vo 2 eq. [2]).
Ventilatory Measurements
Ventilation was measured using whole-body plethysmography in the open-circuit respiratory system (Malan 1973; Bucher 1981) . A uniform flow of air was maintained to the chambers at all times. A differential pressure transducer PT-100B (Sable Systems) was used to record the pressure differences in the chamber due to warming and wetting of inspired air. Data were recorded every 0.05 s with a Sable Systems Datacan 5.0. For M sum tests, ventilation was recorded in 10-min increments at each of the sliding temperatures following a 15-min equilibration period. For BMR tests, birds were allowed 1 h in the chamber before respiratory parameters were recorded for 10 min. Continuous measurements of the dew point (‫1.0ע‬ЊC) in the metabolic chamber were recorded by a Sable Systems Rh-100 humidity meter. A known volume of air (1 mL) was injected into the chamber (10-15 times) at the end of each run for calibration. Deflection kinetics during calibration injections were similar to those during ventilation. We compared calibration deflections with ventilation deflections to compute V T according to Malan (1973, eq. [6] , where FEo 2 is the fractional oxygen concentration of ex-100 current air from the metabolic chamber. All ventilatory values were recorded in both btps and stpd.
Whole-body plethysmography has been widely used because it allows noninvasive measurement of ventilation in unrestrained animals. Mortola and Frappell (1998) provided a good overview of whole-body plethysmography including several potential sources of error. For open-flow systems such as that used in this study, one important potential source of error is time decay of the pressure signal. Typically, this is accounted for by matching the deflection kinetics during calibration injections with those during ventilation (Malan 1973; Bucher 1981) . However, this does not completely compensate for pressure decay because ventilatory effort can vary from breath to breath (Szewczak and Powell 2003) . Szewczak and Powell (2003) suggested a technique to generate a pressure decaycompensated signal by characterizing the time rate of pressure decay in an open-flow system. Before applying equation (6) of Malan (1973) to our data to compute V T , we followed Szewczak and Powell's (2003) suggestions and characterized the pressure decay of our plethysmography system. We did not find a significant pressure versus frequency response in our system and thus did not employ this type of correction factor ( fig. A1 ).
Evaporative water loss (EWL) was calculated using dew point as from Warthog Systems Lab An-
alyst (Riverside, CA). FR is the flow rate (mL min (56) of Calder and King (1974) to compute evaporative heat loss from and T ȧ Vo 2 (see Chappell and Souza 1988) . We then calculated evaporative water loss by converting the evaporative heat loss to water loss assuming 2.43 J mg Ϫ1 of water evaporated. In all cases, equation (56) of Calder and King (1974) yielded lower estimates of EWL than we determined using dew point. Thus, we report EWL values based on our dew point calculations.
Statistics
Values are presented as . Before analysis, the data mean ‫ע‬ SD were analyzed for normality (Shapiro-Wilks test) and homogeneity (Levene's test). Morphometric, metabolic rate, body temperature (T b ), ventilation, and EWL data were compared by two-way ANOVA using season and gender as independent variables. Student's t-tests were used for pairwise comparisons if significant effects were detected. All data are presented on a whole-organism basis because this may be more instructive when doing seasonal comparisons (Dawson and Smith 1986; Swanson 1991a) , and it avoids confounding effects of ratios (Packard and Boardman 1999) . All statistics were computed using SPSS 8.0 (SPSS, Chicago). Statistical significance was accepted at . P ! 0.05
Results
Morphometrics
Analysis of at capture morphometric data by two-way ANOVA revealed significant seasonal and gender differences in wing chord. Visible furcular fat deposits were significantly higher in winter birds compared with summer birds (Table 1 ). There were no significant seasonal ( , ) or gender F p 0.01 P p 0.91 1, 98 ( , ) differences in body mass. F p 0.70 P p 0.41 1, 98 Cold Tolerance and Thermal Conductance Birds were able to tolerate colder helox temperatures during winter tests compared with summer tests. All summer birds became hypothermic at temperatures ranging from 5ЊC to 2ЊC. For winter birds, hypothermia was not induced until temperatures were between Ϫ12ЊC and Ϫ15ЊC. Mean T b of birds after summer and winter M sum tests was significantly lower than after BMR tests in summer ( , , ) and winter n p 38 t p 8. (Fig. 1) . 40.0Њ ‫ע‬ 1.0ЊC
The helox temperature in which M sum was attained, termed the temperature at cold limit (T cl ; Saarela et al. 1989 ), was also used as an indicator of cold tolerance. House sparrows showed significant seasonal variation in T cl ( , ) F p 357.79 P ! 0.001 1, 32 but showed no significant gender differences ( , F p 2.79 1, 32 ; Fig. 2 ). Seasonal changes in thermal conductance P p 0.11 might influence cold tolerance in birds. Thus, thermal conductance ( ; Scholander et al. 1950 ) was calcu- 1, 27 no significant gender differences in C ( , ) F p 0.20 P p 0.66 1, 27 
Summit and Basal Metabolic Rates
In winter birds, M sum was significantly greater than in summer ( , ), but there were no significant gender F p 0.37 P ! 0.001 1, 30 differences ( , ; Fig. 2 ). BMR was also sig-F p 31.01 P p 0.55 1, 30 nificantly higher in winter house sparrows compared with summer ( , ), with no significant gender vari-F p 35.40 P ! 0.001 1, 35 ations in BMR ( , ). Metabolic expansibilities F p 0.86 P p 0.36 1, 35 (M sum /BMR) were 9.02 times in summer sparrows and 6.94 in winter (Table 2) .
Ventilation
Ventilatory parameters for house sparrows under helox cold stress and thermoneutral zone (TNZ) conditions are presented in Table  3 . Respiratory frequency increased significantly under helox cold stress compared with TNZ in summer ( , ) t p Ϫ10.19 P ! 0.001 and winter ( , ) . In addition, mean f was sigt p Ϫ9.63 P ! 0.001 nificantly higher in winter compared with summer for both TNZ Figure 1 . Seasonal variation in body temperature for house sparrows after exposure to thermoneutral zone (TNZ) and helox cold stress (COLD) temperatures. The horizontal line indicates the median, the rectangle represents the twenty-fifth and seventy-fifth percentiles, and the vertical lines indicate the 95% confidence interval. Asterisk indicates significant body temperature differences within season (P ! 1, 30 ( , ) test conditions. We found no significant F p 7.27 P p 0.01 1, 29 gender differences in under TNZ ( , ) oṙ V F p 0.04 P p 0.85
helox cold stress ( , ; Fig. 3 ). F p 0.09 P p 0.77 1, 29 Mean oxygen extraction was significantly higher under helox cold stress compared with TNZ in summer ( , t p Ϫ3.18 P p ) and winter ( , ) . There were no sig-0.007 t p Ϫ2.98 P p 0.01 nificant seasonal or gender differences in Eo 2 under TNZ ( , ; , ) and helox cold F p 2.28 P p 0.14 F p 0.03 P p 0.87 1, 30 1, 30 stress ( , ; , ; Fig. 3 ). F p 2.24 P p 0.15 F p 0.05 P p 0.83 1, 29 1, 29 Mean evaporative water loss in helox for summer house sparrows was mg min Ϫ1 and mg min Ϫ1 11.27 ‫ע‬ 3.23 8.13 ‫ע‬ 3.41 for winter birds. Differences in EWL were significant between the seasons ( , ) but not between gender F p 7.76 P p 0.009 1, 32 ( , ). In addition, EWL significantly varied F p 0.60 P p 0.45 1, 32 seasonally ( , ) within the TNZ but did not F p 33.1 P ! 0.0001 1, 32 significantly differ between gender ( , ). In F p 0.36 P p 0.554 1, 32 summer birds, mean EWL at TNZ was mg min Ϫ1 , 3.05 ‫ע‬ 1.11 and in winter birds, mean EWL was mg min Ϫ1 . 5.00 ‫ע‬ 1.40
Discussion
Morphometrics
House sparrows from this study did not exhibit seasonal differences in body mass. Although visible furcular fat deposits were higher in winter birds compared with summer, visible abdominal fat deposits did not vary. A common trend in coldtemperate wintering passerine birds is to increase fat mass relative to summer. This general pattern enables winter birds to meet thermoregulatory demands and provides a temporary buffer against foraging restrictions during severe weather conditions O'Connor 1995) . This is especially true of ground-foraging birds such as house sparrows, since food availability in winter is less predictable when compared with tree-foraging birds (Rogers 1987) . In spite of this, house sparrows, with the exception of furcular fat, do not increase fat deposits and body mass to the extent that is expected from a small, ground-foraging bird. This finding agrees with Barnett (1970) , in which he reported that house sparrows were not exceptionally fat in winter compared with summer. This result has been attributed to their relatively close association with humans and their ability to exploit highly predictable food sources, such as bird feeders (Barnett 1970; Lowther and Cink 1992) . Seasonal increases in body mass and fat stores do not appear to be a primary component of winter acclimatization in the house sparrow.
Cold Tolerance and Thermal Conductance
The cold tolerance of house sparrows improved in winter, since winter birds were able to endure colder temperatures compared with summer. Temperature at cold limit in summer birds was about 5ЊC compared with Ϫ11ЊC in winter birds (Fig. 2) . Cold tolerance is likely associated with the elevated thermogenic capacity (M sum ) and an increased shivering endurance (Marsh and Dawson 1989a; Swanson 2001, forthcoming) . We estimated air temperature equivalents to helox test temperature by extrapolation. M sum values were inserted into equations for summer and winter sparrows that relate to T a below thermoneuVo 2 trality (Arens 2004 ) and were solved for T a . The estimated air temperature at M sum was Ϫ57.8ЊC for summer birds and Ϫ232.3ЊC for winter birds. The actual air temperatures were probably not this low since thermal conductance may change with T a below thermoneutrality, especially at very low temperatures. However, it is clear that house sparrows are capable of tolerating acute cold stress well below temperatures faced under natural conditions. Daily mean minimum temperatures are 16ЊC in July and Ϫ13ЊC in January in Oshkosh, Wisconsin (National Climatic Data Center, National Oceanic and Atmospheric Association). Factors such as wind, humidity, and radiation might reduce the effective minimum air temperatures. However, it seems that house sparrows have a considerable safety margin when exposed to natural cold environmental cold stress.
Thermal conductance in helox exceeded allometrically predicted C values in air below the T cl by 3.3 times in summer and by 2.7 times in winter. These values are similar to factorial increments reported for other temperate wintering passerine birds that range from 1.72 to 3.10 (Cooper 2002 ). The C value for summer birds is markedly higher than that reported for house sparrows (1.72) from Poland in Koteja (1986) . The decrease in C during helox exposure in winter birds compared with summer is not typical of most songbird species but is similar to that reported for mountain chickadees (Cooper 2002) . C in winter exceeded summer values by 1.21 times. However, C is not unusually lower in winter helox cold stress compared with summer, which suggests that plumage insulation is not an important component in winter acclimatization in house sparrows. This result coincides with other studies of passerine birds that emphasize the importance of metabolic adjustments to seasonal acclimatization (Hart 1962; Dawson and Carey 1976; Swanson 1991a; Liknes et al. 2002) .
Summit and Basal Metabolic Rates
The increase in BMR in winter-acclimatized house sparrows compared with summer is similar to the trends reported for other passerine birds (Dawson and O'Connor 1996; Cooper and Same 2000; Cooper 2002; Liknes et al. 2002) . However, the 64% increase in BMR from summer to winter is the highest yet recorded for birds. Mean BMR for house sparrows was relatively consistent with allometrically predicted values. BMR in summer birds was 79.4% of allometrically predicted values, while winter BMR was 130.5% of predicted values (Aschoff and Pohl 1970) . The role of elevated BMR in most winter passerine birds is still unclear since some passerines do not exhibit seasonal variations in BMR (Dawson et al. 1985; O'Connor 1995; Sharbaugh 2001) . However, it has been suggested that this re- sponse may be attributed to the higher metabolic costs associated with thermogenesis in winter (Swanson 1991b ). These metabolic costs may be due to the maintenance of increased pectoralis muscle mass, which is required for enhanced shivering thermogenesis in winter. Increases in winter pectoralis muscle mass have been reported in passerine birds such as darkeyed juncos, house finches, mountain chickadees, and juniper titmice (Swanson 1991b; O'Connor 1995; Cooper 2002) . The 31.0% increase in M sum for winter sparrows compared with summer is consistent with that recorded for other passerine birds that ranged from 0% to 52% (Cooper and Swanson 1994; Liknes and Swanson 1996; Cooper 2002) . The mean value of 8.35 mL O 2 min Ϫ1 in summer birds was approximately 14.4% higher than that reported by Koteja (1986) . The marked increase in M sum and cold tolerance (T cl ) in winter compared with summer suggest that these two responses are correlated. This correlation has been documented for several small passerine species (Swanson 2001) . This pattern of metabolic acclimatization, where thermogenic capacity and thermogenic endurance vary in tandem, is consistent with the variable maximum model of winter acclimatization described by Liknes et al. (2002) . This pattern coincides with the general positive correlation between endurance and aerobic capacity in vertebrates (Bennett 1991) .
M sum values for house sparrows were within 2% of allometrically predicted values in summer and were 28.2% higher than predicted values in winter (Dutenhoffer and Swanson 1996) . The allometric M sum comparison for winter birds illustrates that house sparrows have the ability to markedly increase their M sum over other temperate wintering passerine birds. Metabolic expansibility (M sum /BMR) was 9.0 in summer birds and 6.9 in winter. The metabolic expansibility of 9.0 in summer is the highest yet recorded for birds, with a range from 3.3 to 8.4 reported Saarela et al. 1989; Liknes and Swanson 1996; Cooper 2002) . These high metabolic expansibilities demonstrate that both summer and winter birds have the ability to tolerate extremely cold temperatures through increases in metabolism to support thermogenesis relative to thermoneutral metabolic rates.
Ventilation
At low T a in summer and winter, increases in oxygen consumption were supported by significant increases in breath frequency, tidal volume, and oxygen extraction efficiency. House finches and rosy finches showed similar trends in f and V T but showed a reduction in Eo 2 % below 0ЊC (Clemens 1988) . The data for house sparrows contrast with all other data for passerine birds in that house sparrows show increases in all three (Clemens 1988; Cooper and Same 2000) . A higher Eo 2 % at low T a may be an adaptation to reduce respiratory heat loss (Johansen and Bech 1983) , which would be beneficial in extreme cold conditions. We calculated the rates of respiratory heat for house sparrows under helox cold stress according to Chappell and Bucher (1987) . Expired air temperature was not measured but was assumed to be 5ЊC in summer and 0ЊC in winter . The metabolic heat production (M sum ) was 167.7 J min Ϫ1 in summer birds and 218.9 J min Ϫ1 in winter birds under helox cold stress. House sparrows at helox cold stress conditions lost about 24.8 J min Ϫ1 in summer and 30.7 J min Ϫ1 in winter as respiratory water loss (using our EWL data and according to the assumption that expired air is saturated) and 3.3 J min Ϫ1 in summer and 5.0 J min Ϫ1 in winter as heat transferred to tidal air. Therefore, respiratory heat loss was 11.3% of total heat loss in summer and 18.3% of total heat loss in winter. Using measured Eo 2 % from thermoneutral tests (BMR) in place of cold stress Eo 2 %, we found that the computed respiratory heat loss would be 11.7% of the total heat loss in summer and 18.6% in winter. The difference in heat loss between helox and thermoneutral Eo 2 % values for both seasons is minimal; thus, it appears that the respiratory heat loss savings as a result of increased Eo 2 % in house sparrows under helox cold stress compared with thermoneutral conditions are negligible. This agrees with an article by Morgan et al. (1992) in which they stated that reducing respiratory heat by increasing Eo 2 % at low ambient temperature is not likely a common phenomenon in birds.
The increases in in winter birds under helox cold stresṡ Vo 2 compared with summer were supported by increases in . Thė V I elevated for winter birds was supported primarily by sig-V I nificant increases in breath frequency, which was approximately 1.23 times the summer value. Winter V T in helox was higher than summer helox values but not significantly. In addition, Eo 2 % remained seasonally stable under extreme cold stress. This contrasts with data from another passerine, the black-capped chickadee, which responded to helox cold stress with decreasing f and increasing Eo 2 % (Cooper and Same 2000) in winter relative to summer. This suggests that winter-acclimatized house sparrows primarily use changes in f to accommodate higher at low T a . Vo 2 Mean frequency under thermoneutral conditions was relatively consistent with allometrically predicted values. f at TNZ was 80.1% of allometrically predicted values in summer birds and 108.9% of predicted values in winter birds (Frappell et al. 2001) . Minute volume was 14% higher in summer birds at TNZ compared with allometrically predicted values, which is in relatively close agreement given the small number of passerine birds used in calculating allometric predictions (Frappell et al. 2001) . However, in winter birds, increased 2.0 timeṡ V I over allometrically predicted values according to Frappell et al. (2001) . Tidal volume was also considerably elevated compared with allometric predictions. V T for birds at TNZ increased 1.5 times over allometrically predicted values in summer birds and 1.8 times over predicted values in winter birds (Frappell et al. 2001 ). These substantial increases over predicted values inV I and V T show that the elevated BMR in winter house sparrows is mainly supported by these two respiratory variables.
Summer-and winter-acclimatized house sparrows from Wisconsin appear to primarily use metabolic adjustments in response to extreme cold stress. These metabolic adjustments are supported through increases in f, V T , and Eo 2 % under helox cold stress relative to thermoneutral conditions. In addition, winteracclimatized birds have an enhanced capacity to tolerate colder temperatures because of an increased M sum compared with summer, with this rate being primarily supported by increases in f.
